An inductively coupled plasma atomic emission spectrometry (ICP-AES) method was developed for the determination of phosphorus in fertilizers. Total phosphorus, direct extraction available phosphorus (EDTA), and water-soluble phosphorus, reported as phosphorus pentoxide ( I n fertilizers, phosphorus is one of the major nutrients that is most commonly determined. Accurate analysis of fertilizers is necessary both for the quality control of their production and for determining their effective use in the field. Presently, the gravimetric determination with quimociac reagent and the spectrophotometric molybdovanadophosphate procedures are the AOAC official reference methods for determination of phosphorus in fertilizers (1-3). The gravimetric procedure is both tedious and time-consuming. The spectrophotometric molybdovandate phosphate method, on the other hand, measures only orthophosphate (4). Because of this, fertilizer samples that possess phosphate in other forms must be converted to orthophosphate before determination. Furthermore, to control the citrate interference which is used for direct available extraction, appropriate matrix match is necessary for the calibration standards. Finally, to ensure that the measured signals fall within the working range of the calibration curve, the weight of the fertilizer samples is adjusted to control final sample phosphate concentrations.
I
n fertilizers, phosphorus is one of the major nutrients that is most commonly determined. Accurate analysis of fertilizers is necessary both for the quality control of their production and for determining their effective use in the field. Presently, the gravimetric determination with quimociac reagent and the spectrophotometric molybdovanadophosphate procedures are the AOAC official reference methods for determination of phosphorus in fertilizers (1) (2) (3) . The gravimetric procedure is both tedious and time-consuming. The spectrophotometric molybdovandate phosphate method, on the other hand, measures only orthophosphate (4) . Because of this, fertilizer samples that possess phosphate in other forms must be converted to orthophosphate before determination. Furthermore, to control the citrate interference which is used for direct available extraction, appropriate matrix match is necessary for the calibration standards. Finally, to ensure that the measured signals fall within the working range of the calibration curve, the weight of the fertilizer samples is adjusted to control final sample phosphate concentrations.
A major advantage of inductively coupled plasma atomic emission spectrometry (ICP-AES) is its ability to determine several elements simultaneously in a wide range of concentrations. For determination of phosphorus, the sensitivity of the ICP-AES analysis method exceeds that of the AOAC official methods; in addition, the ICP-AES has a calibration curve of a very wide linear range. As a result, no sample weighing adjustment is required for the ICP-AES method. Because of these features, the determination of phosphorus by the ICP-AES method has attracted the attention of several scientists.
Hamalova et al. (5) determined phosphorus, potassium, and magnesium in 12 fertilizers by ICP-AES. For phosphorus, the results of ICP-AES were compared with those obtained by the standard gravimetry method. Generally, precision and accuracy of the ICP-AES method were satisfactory. Ardis and Baker (6) used an ICP spectrometer to monitor fertilizer plant effluents for phosphorus, sulfur, and metals. The detection limit for phosphorus was 0.08 µg/mL at 213.618 nm. Jones (7, 8) determined the concentrations of major, micro, and trace elements by ICP-AES in fertilizer standards. It was determined that analysis by ICP-AES of fertilizer materials with wide ranges of elemental contents is a rapid technique that can yield results comparable with those obtained by AOAC protocols.
This study was undertaken to standardize the ICP-AES method for determination of phosphorus in several sample preparation methods in the Magruder fertilizer check samples by the use of the same calibration curve.
METHOD

Apparatus
(a) Spectrometer.-Atomic emission measurements of phosphorus were made with an ARL 3410+ sequential ICP spectrometer (Fisons, Dearborn, MI) with a minitorch.
(b) Nebulizer and pump.-The sample solutions were nebulized by a pneumatic nebulizer (Precision Glassblowing, Englewood, CO) with a Gilson peristaltic pump (Worthington, OH). The main operating conditions are listed in Table 1 . 
Acid and Matrix Effects
Phosphorus solutions (5 mg/L) with different concentrations of perchloric acid were prepared for acid effects study. The final concentration of perchloric acid varied from 0.0 and 0.0001 mol/L to as high as 2.0 mol/L. Phosphorus solutions (5 mg/L), mixed with different concentrations of possible matrix elements (Al, Ca, Mg, K, Na), were used for the matrix effects investigations. The individual concentrations of these 5 matrix elements were 50, 100, 150, and 200 mg/L. All the ICP-AES measurements for acid effects and matrix effects were triplicate determinations, and relative standard deviations (RSD) were within ± 3.0%.
Results and Discussion
Acid Effects
After sample preparation as described in the Method section, the solution of total P 2 O 5 is acidic, containing about 0.4 mol/L HClO 4 , but the solutions of direct available P 2 O 5 and water-soluble P 2 O 5 are both neutral. As a result, it was necessary to investigate the acid effects of HClO 4 on the emission signal of phosphorus.
As shown in Table 2 , the emission intensities ratio for all 5 phosphorus analytical wavelengths varied from 94 to 105%, while being measured in the presence of 0.0001-2.0 mol/L HClO 4 . Because the dissolved samples were diluted 10-fold before determination, 4% (v/v) HClO 4 was used as the diluent in all cases. As a result, the negligible influence of acid effects on phosphorus determination was further minimized in all ICP-AES assays.
Matrix Effect
Five elements, K, Na, Mg, Al, Ca, were selected as matrix elements in this investigation. Table 3 shows that the phosphorus emission intensity ratio at various wavelengths was within the range of 99-104%, clearly demonstrating that matrix interference was minimal for analysis of phosphorus. Notably, concentrations of those elements in diluted dissolved samples were well below the matrix concentrations presented in Table 3 . Therefore, matrix effects can be considered negligible from these elements when phosphorus in fertilizers is determined.
Detection Limit
A blank solution (8%, v/v, HClO 4 ) and a solution of P (5 mg/L) were used to measure the detection limit. 
Magruder Fertilizer Analysis by ICP-AES
In 1922, E.W. Magruder, chief chemist of the F.S. Royster Guano Co. (Norfolk, VA) began the fertilizer check sample program that bears his name today. Magruder fertilizer check sample programs are widely used to ensure consistency among laboratories and methods. The results can identify statistically different repeatabilities or reproducibilities among different methods or among laboratories using the same method. In this study, 15 Magruder fertilizer check samples were selected to study the performance of ICP-AES for the determination of phosphorus.
Generally, total P 2 O 5 , direct extraction available P 2 O 5 (EDTA), modified extraction available P 2 O 5 (non-triple superphosphate), and water-soluble P 2 O 5 are often determined in laboratories. Because the matrixes of direct extraction available P 2 O 5 (EDTA) and modified extraction available P 2 O 5 are similar, this investigation used the sample preparation procedure of direct extraction available P 2 O 5 (EDTA). Table 4 summarizes the linear regression analysis of the ICP results with the Magruder average at various wavelengths. A main focus of this study was to determine which wavelength for phosphorus was suitable. For total P 2 O 5 and direct available P 2 O 5 , the overall agreement for phosphorus was excellent over the wide concentration range found within the 15 Magruder fertilizers. The intercept was small and not significantly different from zero, and the slope was very close to 1.0. This demonstrated that the ICP-AES method possesses neither constant nor proportional systematic errors compared with the Magruder average. The best linearity was achieved at 213.618 nm. In addition, 213.618 nm is the most sensitive wavelength for phosphorus. Therefore, among the 5 analytical wavelengths tested, wavelength 213.618 nm was the optimal analytical wavelength for determining phosphorus in fertilizers by ICP-AES.
To represent the assorted commercial fertilizer used in the agriculture, the contents of the total phosphorus (P 2 O 5 ) in the selected Magruder fertilizer samples varies from several percent, as in organic fertilizers 9703 and 9504, to as high as 52% (mono-ammonium phosphate 9803B). The NPK values in Table 5 represent the percentages of nitrogen, available phosphorus (P 2 O 5 ), and soluble potassium (K 2 O). Except for 9811A, which is clear liquid fertilizer, the other 14 Magruder samples are solid. Triple superphosphate sample 0998A (0-46-0) contains only one nutrient: phosphorus; the remaining 14 Magruder samples contain 2 or 3 nutrients: nitrogen, phosphorus, potassium. With the 213.618 nm wavelength used to determine P 2 O 5 , the ICP-AES recoveries were compared with the Magruder average standard values (Table 5). The recovery was defined as the ratio of the ICP results to the Magruder average.
The values of total P 2 O 5 and direct available P 2 O 5 measured by ICP-AES compared closely with the reported Magruder average. Two notable exceptions were observed, both for water-soluble P 2 O 5 analyses, where significant discrepancies between the values of ICP results and Magruder average were determined. Specifically, these anomalies involved Magruder samples 9504 and 9811A. The remarkably large standard deviation of the Magruder average on the solid fertilizer sample 9504 makes the low recovery understandable. This is in contrast to the high recovery (329.4%) of phosphorus by ICP-AES for the liquid Magruder fertilizer sample 9811A, which is totally water-soluble. This is reasonably explained by the fact that all phosphorus in the solution is determined by the ICP spectrometer, whether it is present in its ortho-, poly-, organic-, or low-oxide forms, and the Magruder average presented in Table 5 reports only the orthophosphate concentration in the sample. The determined total P 2 O 5 of 33.47% in this sample by ICP-AES is further substantiated by the fact that sample 9811A's content as determined by total P 2 O 5 and direct available P 2 O 5 are in agreement. If sample 9811A is excluded from the linear regression (Table 4) , the regression equation of water-soluble P 2 O 5 will be y = 0.9733x + 0.7855 at 213.618 nm, with a correlation coefficient of 0.9983.
Analysis of total phosphorus by ICP-AES is simpler and faster than the traditional procedures using digestion and spectrophotometric determination. Significant advantages of the ICP-AES method are also demonstrated by its wide dynamic range of calibration and high sensitivity. Furthermore, by the ICP-AES method, the same amount of fertilizer sample can be weighed regardless of the phosphorus concentration, and no spike experiment is required for low phosphorus content. The precision and accuracy of the methodology developed were tested by analyzing total P 2 O 5 and direct available P 2 O 5 . For short-term precision testing (7 consecutive determinations), the RSD of total P 2 O 5 and direct available P 2 O 5 were in the range of 0.6-2.2 and 0.8-2.6%, respectively. For long-term precision testing (7 determinations over 7 consecutive days), the RSDs of total P 2 O 5 and direct available P 2 O 5 were in the range of 0.7-3.5 and 0.8-3.9%, respectively. The precision of total P 2 O 5 and direct available P 2 O 5 determination was also excellent.
Conclusions
The ICP-AES method enables the determination of total P 2 O 5 , direct extraction available P 2 O 5 (EDTA), and water-soluble P 2 O 5 in fertilizers by the same calibration curve. Wavelength 213.618 nm proved to be the best analytical wavelength for phosphorus determination in fertilizers. In general, the precision and accuracy of ICP-AES determinations were close to the average values of Magruder standard check fertilizer samples. Care must be taken in the determination of total P 2 O 5 in fertilizer samples in which phosphorus may exist in several forms. By the ICP-AES method, all phosphate forms are analyzed, yielding a true total P 2 O 5 value.
